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Abstract

Reconstruction and interpretation of lipid bilayer structure from X-ray scattering often rely on assumptions regarding the
molecular distributions across the bilayer. It is usually assumed that changes in head—head spacings across the bilayer, as
measured from electron density profiles, equal the variations in hydrocarbon thicknesses. One can then determine the structure
of a bilayer by comparison to the known structure of a lipid with the same headgroup. Here we examine this procedure using
simulated electron density profiles for the benchmark lipids DMPC and DPPC. We compare simulation and experimentin both real
and Fourier space to address two main aspects: (i) the measurement of head—head spacings from relative electron density profiles
and (ii) the determination of the absolute scale for these profiles. We find supporting evidence for the experimental procedure,
thus explaining the robustness and consistency of experimental structural results derived from electron density profiles. However,
we also expose potential pitfalls in the Fourier reconstruction that are due to the limited number of scattering peaks. Volumetric
analysis of simulated bilayers allows us to propose an improved, yet simple method for scale determination. In this way we are
able to remove some of the restrictions imposed by limited scattering data in constructing reliable electron density profiles.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction can be calculate@agle and Tristram-Nagle, 2000)
Obtaining accurate estimates of these quantities is im-
X-ray diffraction studies of lipid bilayers have been portant for two main reasons. First, the close matching
specifically geared towards elucidation of the electron between the bilayer thickness and the hydrophobic
density profile, from which structural parameters such part of membrane proteins appear to control protein
as the bilayer thicknes$#)g, and the area per lipid4, function (Huang, 1986; Bloom et al., 1991; Harroun
et al., 1999) It has been hypothesized that structural
- matching is biologically regulated via selection of
_ Abb_reviations: DMPC, dimyristoylphosphatidylcholine; DPPC, lipids with proper chain length and saturatiBioom
dipalmitoylphosphatidylcholine et al., 1999) Depending on the length and saturation
* Corresponding author. Tel+1-301-402-4698; . ! ;i . !
fax: +1-301-402-9462. bilayer thicknesses can differ by 10-15Rand and
E-mail address: horia@helix.nih.gov (H.l. Petrache). Parsegian, 1989; Nagle and Tristram-Nagle, 2000)
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Yet, significantly more subtle variations are known to not sufficient for a complete description of structure,
influence ion channel lifetimegElliott et al., 1983) because its relationship with lateral parameters (area
and conformationgGreathouse et al., 1994as well per lipid, A) is complicated by the broad lipid—water
as the orientations of hydrophobic helical peptides interface. One needs to relai®yy to better defined,
(Killian and Heijne, 2000; Petrache et al., 2000, 2002) and thermodynamically relevant parameters such as
Similarly, structural properties associated with the the hydrocarbon thicknesBc and the total bilayer
lipid cross-sectional area and lateral stréGsuner, thicknessDg, which are related tat through molec-
1989; Brown, 1994; Botelho et al., 2008)e known ular volumes. Therefore, it is necessary to combine
to modulate protein function, as well as membrane electron density and volumetric analyses in order to
permeability. describe fluid phase bilayer structudcintosh and
Second, accurate measurements of structural pa-Simon, 1986b; Nagle et al., 1996; Petrache et al.,
rameters are needed for quantification of interbilayer 1997; Armen et al., 1998; Tristram-Nagle et al., 1998;
interactions(McIntosh and Simon, 1986a; Rand and Nagle and Tristram-Nagle, 20Q0)
Parsegian, 1989; Israelachvili, 1992; Leikin et al., Given the experimental scattering data, i.e. the form
1993; Zimmerberg and Chernomordik, 199%t factor ratiosr;, = Fj,/F1, there are two main meth-
small distances, interbilayer forces depend exponen-ods to construct the electron density profite(z).
tially on the interbilayer separation, changing by 20% The first method is model-free and consists of direct
with a 1 A change in separatighicintosh and Simon,  Fourier reconstructiofWorthington, 1969)
19864a, 1993; Marsh, 1989; Rand and Parsegian, 1989; 1
Petrache et al., 1998d)ere the relevant structural pa-  p*(z) — py, = — F(0)
rameter is the water spaciiy, which is calculated D

from the lamellar repeab, asDw = D — Dg. The 2 . Fimax 2hz 1
accuracy ofDy then depends on the determination Tph D @i cos @
of Dg. h=1

Measuring structural parameters for soft, highly where pj, is the bulk water electron density) is
fluctuating materials such as the lipid membrane, is a the lamellar repeat spacing, = +1 are form factor
difficult task. Structural descriptions are more readily phases, an@mnayx is the number of observed diffrac-
obtained for the lower temperature states: @dgle tion orders. There are two quantitiesin. (1)that are
and Wiener, 1989; Sun et al., 1996a; Tristram-Nagle usually not available from X-ray. These afg, which
et al., 2002) subgel (Tristram-Nagle et al., 1994; in this formalism set$*(z) on an absolute scale, and
Katsaras, 19959nd, obviously, crystglSmall, 1986) F(0) which gives the total bilayer contrast (offset) rel-
where lipid hydrocarbon chains are ordered. Both ative to the water electron density,,
normal (thickness) and lateral (cross-sectional area) _ gk * o s
parameters can be determined directly from the low AF(0) = 2 = pwVL) = 2(pL = Pw) VL, @)
and the wide angle X-ray scattering, respectively. For in which A, V., andn{ denote the area, volume,
the fluid (melted chain) phase, the apparent structural and number of electrons per lipid molecule, respec-
resolution is 5-10 A, corresponding to the spatial ex- tively. Handling the scale has been an issue for the
tent of the molecular distributions, as presented by the fluid phase, as this requires additional information or
electron density profile@Vorthington, 1969; Blaurock  certain assumptions with regard to the shape of the
et al., 1971; Wiener and White, 1992 owever, by electron density profil§Petrache et al., 1998bThe
parsing the lipid bilayer into molecular components, shape, however, is strongly influenced by the number
such as the lipid headgroup and acyl cham&rage of diffraction orders availablelmax, Which truncate
structural parameters are commonly reported with a the sum irEq. (1) Fourier truncates complicates com-
precision of 1A or lesfRand and Parsegian, 1989; parison between lipid bilayers.

Nagle and Tristram-Nagle, 2000; Rawicz et al., 2000)  The second method for constructing electron den-

The most readily available parameter from the sity profiles is functional modeling. This is done
electron density profile is the spacidgyy between by assuming a particular functional form for the bi-
the electron rich headgroup peaks. By itséMy is layer profile, with a number of free parameters to be
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determined by fitting to scattering form factors. Sev- 1986a,b, 1993; Rawicz et al., 200@nd correction
eral approaches have been undertaken, from simpleterms were estimated using functional model{Sgin
step-function modelgWorthington, 1969) to more et al., 1996a)With the availability of detailed atomic
realistic Gaussian mode[®Nagle and Wiener, 1989; simulations, this aspect calls for renewed attention.
Wiener et al., 1989; Wiener and White, 199#)d to Here we consider previously reported MD simu-
more detailed component modéWiener and White, lations of fluid phase DMPC and DPPC bilayers as
1992; Schalke and Losche, 200Bpch of these mod-  the basis for our discussion of structure determination
els attempt to breakdown the electron density into from X-ray. We have focused on the Fourier recon-
component distributions by integrating knowledge struction method and the calculation of the area per
from other measurements, such as specific volume, tolipid from Dyy and density measurements. The main
reduce the number of fitting parameters. goal is a comprehensive exercise with electron density
Atomic-level computer simulations provide a new profiles, and not necessarily simulation refinement. We
perspective on bilayer structure. There are numerous have used simulated bilayers with structural parame-
valuable contributions to the field addressing the un- ters within the experimental uncertainty (1.5% or bet-
derlying molecular disorder and heterogendiBhiu ter), as a scaffolding for construction of self-consistent
etal., 1995; Berger et al., 1997; Tieleman et al., 1997; methodologies for structure determination from exper-
Feller et al., 1997; Tobias et al., 1997; Smondyrev and iment. Because the bilayer form factors are the pri-
Berkowitz, 1999; Huber et al., 2002 the hierar- mary X-ray data, we have compared simulation and
chy of models just discussed, these in fact constitute experiment in the Fourier space. We show an overall
the most elaborate. One consequence of such detail,agreement, especially in the lawrange, which seems
however, is that molecular dynamics simulations can- to have the major influence on the main structural pa-
not be cast as fitting procedures as with the models rameters. We process the simulated continuous trans-
above, as tuning the force-field parameters to a particu- form by artificial sampling and cutoff at higpvalues
lar scattering dataset is unfeasible. Of course, the aimsto mimic the measurement of head—head spabing.
of simulations are more ambitious than just modeling We then compareDyy differences between DMPC
of electron density profiles, but in this work we will and DPPC with differences in the hydrocarbon thick-
focus just on this aspect. Because simulated electronnessesDc to test the bootstrapping assumption. By
density profiles result from all-atom representations analysis of Fourier truncation effects, we identify con-
which implicitly obey volume conservation, they can ditions for ADc ~ ADpn/2 and estimate a possible
be used to evaluate assumptions employed in structuredeviation range.
determination from scattering data. By comparison of continuous transforms, we iden-
A “bootstrap” method has been used in the litera- tify and fix a scale discrepancy between simulation
ture to obtain structural parameters for a new bilayer and experiment. We propose an improved method for
by comparison with a reference structytdcintosh setting experimental electron density profiles on an
and Simon, 1986b; Nagle and Tristram-Nagle, 2000) absolute scale by using structural and volumetric pa-
It is assumed that the difference in the hydrocarbon rameters obtainable from unscaled profiles. While not
thicknessA D¢ can be estimated from the shift of directly relevant for measurements Bfjy and subse-
the headgroup peald Dy /2, if two lipids have the quent determination of bilayer thicknesses, a correct
same headgroup. (A factor of 1/2 is needed becauseabsolute scale is critical for X-ray contrast (substitu-
Dc is conventionally defined as half-thickness.) Hav- tion) experimentgFranks et al., 1978)
ing estimatedDc from the Dyy shift, the area per
lipid is then obtained as the ratio between hydro-
carbon volume and thicknesPyy does not depend 2. Computational methods
on F(0O) or the density scale, but needs to be cor-
rected for Fourier truncation effec{Blaurock et al., 2.1. Smulation setup
1971; Lesslauer et al., 1972)o minimize these ef-
fects, Dyy values have customarily been compared  Simulations were performed using CHARMM
at similar resolutionD/hmax (McIntosh and Simon,  software (Brooks et al., 1983yersion 26 and were
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previously reportedPetrache et al., 2002Periodic terminal methyl (CH), methylene (CH), lipid head-
boundary conditions were used with constant number group (includes carbonyls, glycerol and the phospho-
of atoms {V), temperatureX), lateral area 4), and choline group), and water. Corresponding number
normal pressureHy) to generatdNAPy T ensembles. densitiesiz(z), n2(z), nn(z), andnw(z) as a function
Two lipids were considered: dimyristoylphosphatidyl- of location along the bilayer normat)(are accumu-
choline (DMPC), and dipalmitoylphosphatidylcholine lated from the simulated trajectories and expressed in
(DPPC). Simulation temperatures were °80 for units of A3, Component volumesys, V2, Vi, and
DMPC and 50C for DPPC. For both lipids, bilayers Wy are then calculated as the values that make the
consisted of 36 lipid molecules. The normal pressure total occupation probability,

Py was set to 1atm, and the lateral area was set to

A = 59.7 A for DMPC (Petrache et al., 1998kand p1(2) = V3nz(z) + Vona(z) + Vunu(z) + Vwnw(2),

A = 629A2 for DPPC (Nagle et al., 1996)The 3)

number of water molecules per lipid was 25.7 for )

DMPC and 29.1 for DPPC. approach 1 for all values af Practically, the volumes
A full description of the simulation procedure is are found by minimizing the function

given elsewheréPetrache et al., 2002Briefly, lipid X2 = Z[PT(Z) — 1P, (4)

conformations were randomly chosen from a library
of pre-equilibrated lipids in the fluid state. The DPPC o _
library was provided bydardy and Pastor (1994and as detailed iMAppendix A . _
also used to generate DMPC molecules by deletion of FOr calculation of bilayer thicknesses, following
two terminal carbon segments from each acyl chain. the Luzzati-Gibbs procedure, we divide the unit cell
At least 12 bilayer configurations were generated for N€ight, D, into a lipid thickness,Dg, and a water
each lipid by reselecting from the libraries and by re- thicknessDw = D — Dg (Rand and Parsegian, 1989;
peating equilibration steps that included elimination Nagle and Tristram-Nagle, 2000vith cell volume

of steric conflicts. The resulting configurations were CONServatiorAD = 2(Vi +nw Vi), the bilayer thick-
screened for characteristic properties of lipid bilayers N€SS relates t® through the lipid volume fraction,

in the fluid state (such as acyl chain and headgroup or- . | D (5)
der), and the optimum structure was selected for each “B ~— VL + nw Vi

lipid. Such a rational approach to building a bilayer in
the fluid state significantly minimizes the equilibration
time. A cutoff of 12 A was used for van der Waals in-
teractiongFeller and Pastor, 1999nd particle mesh
Ewald summation was used for electrostatic interac-
tions. The time step was 2fs, and all bonds involving , _ 2. _ Ve _ Wu ©6)
hydrogens were fixed using the SHAKE algorithm, Dg Dc Dy’

with a tolerance (relative deviation) of 18 The fre-
qguency of regenerating the non-bonded list was set
with a heuristic testing algorithm that updates based
on the distance each atom moved since the last list Up- |5t
date. Production dynamics simulations for each sys-
tem were performed for 1.5ns.

4

We further divide the unit cell by decomposiigs
into a hydrocarbon thicknes®c and a headgroup
thicknessDy = Dg — Dc. Volumetric thicknesses are
related to the area per lipid through

where V¢ and Vy are the hydrocarbon (both acyl
chains) and the headgroup volume of one lipid.
From simulations, component volumes are calcu-
ed from pt fits (Eq. (4), then thicknesess are cal-
culated fromEq. (6) using the area values.

. . 2.3. Fourier transforms
2.2. Volumetric calculations
Continuous Fourier transfornk(q) is calculated

Lipid volumes and decomposition into molecu- from the simulatech* (z) using

lar components from simulation was done following D)2
Petrache et al. (1997and Armen et al. (1998) A _/ *on ok
typical decomposition consists of four components: Fa) = _D/z[p (2) = pw] cos(az) dz, )
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where py, is the electron density of water, ardl is

the average dimension of the simulation box. The ex-
perimental continuous transforni§*P(q), reproduced
from Nagle et al. (1996and Petrache et al. (1998b)
have been calculated for samples with four orders of
diffraction using the sampling theorem,

h .
~ . Sinl(g —gn)D/2]
Fq) = Y B : ®)
S " g—awD/2

wherehmax = 4 andg;, = 27h/D.

3. Results
3.1. Fourier truncation and head—head spacing Dy

Simulated electron density profiles for DMPC at
30°C and DPPC at 50C are shown irFig. 1 Elec-
trons were counted in bins of DA (in the z-direction
normal to the bilayer) and averaged over the simula-
tion. The most prominent features of the profiles are
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bon region an electron deficiency. It is this electronic
contrast that makes the lipid bilayers visible to X-ray.

It is worth noting that while headgroup chemistry
is the same for the two lipids, the headgroups peaks
in Fig. 1 are different. This is due to differences in
temperature, area per lipid, and water penetration in
the headgroup region which influence spatial distri-
butions(Feller et al., 1997; Mashl et al., 200I)he
average distance across the bilayer between the phos-
phate atoms®pp) are 35.9 A for DMPC and 39.0 A
for DPPC; they differ by 3.1 A. To compare hydrocar-
bon regions we have calculated distances between C
carbons (belonging to the first methylene group next
to the carbonyls). The average distances are 24.9 A for
DMPC and 27.7 A for DPPC, a difference of 2.8 A.
The distance between phophorus and thec@rbon
projected on the-axis is 5.5 A for DMPC and 5.7 A
for DPPC. These structural parameters, however, are
not directly measurable in a typical X-ray experiment,
rather, they are inferred from low-resolution electron
density profiles.

In order to compare simulation with the raw X-ray

the headgroup peaks at the lipid—water interface and data (form factors), we have calculated the continuous

the methyl troughs at the bilayer center. The two pro-
files shown are similar in shape, with DPPC being
broader by about 2-3 A due to its longer hydrocarbon

Fourier transformsF(q), of the simulategh*(z) using
Eq. (7) In Fig. 2, we plot the absolute valug-(q)|
together with the experimental results frdetrache

chains. Relative to the water baseline, the headgroupet al. (1998bYor DMPC andNagle et al. (1996jor
region shows an excess of electrons and the hydrocar-DPPC. Experimental form factors have been scaled
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P e
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Fig. 1. Simulated electron density profiles’(z), for DMPC at
30°C (solid line) and DPPC at 5@ (dashed line).p*(z) is
broader for DPPC due to its two additional methylene groups.

such that all first order form factors lie on the simulated
F(g). The experimental continuous transforif&P(q)
have been calculated from samples with four orders of
diffraction using the sampling theorefad. (8). There

is a good overall agreement between the simulated
F(g) and the experimental form factor ratios. Still, no-
ticeable differences exist. For DPPC, data in the first
lobe (» = 2) are systematically slightly larger than
the simulatedF(q); for DMPC there are deviations at
the top of the first lobe. There is a good agreement
for the third order, while for the fourth the simulated
F(q) is systematically smaller in magnitude than the
experimental form factors. The values Bf0), which
give the average electronic contrast between lipid and
water, agree very well between simulation and exper-
iment for both lipids, suggesting that lipid and water
densities are well reproduced. For DMPC, however,
there is a noticeable discrepancy between the simu-
lated and experimental scale 6fg), which will be
addressed in more detail below.
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Fig. 2. Comparison between simulated continuous transforms,
F(q), (solid lines) and experimental form factors (symbols) taken
from Petrache et al. (1998pr DMPC (part A) and fromNagle

et al. (1996)for DPPC (part B). First order form factors are set on
the simulatedr(q). Experimentally derived continuous transforms,
F®P(g), are shown with dashed lines. Solid diamonds indicate
the samples used for reconstructiah £ 51.5A for DMPC and
55.1 A for DPPC), scaled by the simulatetg). Open diamonds
(DMPC only) show the same form factors scaled B5(q).

To compare structural parameters, we have cal-
culated bilayer thicknesses within a Luzzati—Gibbs
framework, as explained iBection 2 In this frame-

work, thicknesses and cross-sectional areas are in-
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versely related through the lipid volumes. The def-
initions we employ, as well as alternatives, have
been recently reviewed hylagle and Tristram-Nagle
(2000) In the Luzzati—-Gibbs framework, the bilayer
thicknessDg, for example, corresponds to theplane
where the probability of finding a water molecule is
1/2 (Petrache et al., 1997¢ven though lipid head-
group and water are intimately mixed. Volumetric
parameters from simulations have been obtained from
fits to density histogramsEQ. (4), and thickne-
sess fromEq. (6) Simulated thicknesses and overall
lipid volumes are within 1.5% of experimental re-
sults, as shown iffable 1 For DMPC, we obtain
VL = 1085 A compared to 1101 Afrom experiment
(Petrache et al., 1998hbfror DPPC, we obtaify, =
1223 A versus 1232 ANagle et al., 1996)Consistent
with previous simulation results, component volumes,
i.e. headgroup and acyl chains show somewhat larger
deviations from experimentPetrache et al., 1997,
Armen et al., 1998)One reason is that component
volumes are not determined directly by experiment,
and therefore have a larger uncertainty. For example,
headgroup volumes between 319 and 340Have
been suggeste@ristram-Nagle et al., 2002)-or the
experimental columns ifiable 1we consider a value

of 319A% as a temperature and lipid-independent

Table 1
Bilayer structural parameters

DMPC? DMPC*P DPPC DPPC*?
A 59.7 59.6 62.9 64.0
W 1085 1101 1223 1232
Vw 29.9 30.0 30.3 30.3
Vo 27.7 28.1 28.2 28.7
V3 51.8 53.8 54.4 54.7
W 316.9 319 323.3 319
Ve 768.0 782 899.4 913
Dp 36.3 36.9 38.9 38.5
Dc 12.9 13.1 14.3 14.3
Dy 5.3 5.4 5.1 5.0

a8 DMPC simulation at 30C compared with experimental data
(DMPC®*®) from Petrache et al. (1998b)

b DPPC simulation at 50C vs. experimental results (DPPE)
from Nagle and Tristram-Nagle (200@jrom simulations, volumes
are calculated through density histogram fits, then thickneg3gs (
D¢, Dy) are calculated usingq. (6) as explained irSection 2
Dimensional units are A4 denotes the area per lipid (fixed in the
simulation); volumes are denoted By (lipid), Vi (water), V;
(methylene),V3 (methyl), Vi (headgroup), and/c (hydrocarbon
chains).
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reference value as iNagle and Tristram-Nagle
(2000)

The two simulated lipid bilayers differ in their vol-
umetric thicknesses by Dc = D2PPC— pEMPC —
1.4A, and ADg/2 = 1.3A. As mentioned in
Section 1 A D¢ is of particular interest for determina-
tion of the area per lipid from the head—head spacing
shift ADyy. What is the relationship betwedn: and
Dyy if Fourier truncation is taken into account? For
this, we shift our focus from the physical picture to
the mathematical abstraction implicit in the treatment
of F(g) andp*(z). For arange oD-spacings, we have
sampled the simulateH(q) transforms at pointg;, =
2nh/D, for h = 1,2, 3,4. We then reconstructed
0*(z) distributions usindeq. (1) Due to Fourier trun-
cation, the resulting profiles plotted iRig. 3A are
smoother than the origingb*(z). Importantly, the
headgroup peaks shifbyy values from these recon-
structed (smoothed) profiles are showrfig. 3B for
a broad range ofD-spacings. Interpreting the shift
in Dyy relies on the choice of this range, for which
we highlight three possibilities iRig. 3B. At the first
level, one can consider a broddtspacing range to
study the overall mathematical behaviori@fy. Sec-
ond, however, only a finitd-spacing range is avail-
able experimentally for each lipid. Finally, this range is
further reduced for samples with four orders of diffrac-
tion. In this narrow, but here most relevabtspacing
range, Fourier truncation makd3,y appear as in-
creasing withD, a clear artifact of the reconstruction.
Without corrections, one could measure the wrong

expansion coefficient upon dehydration as pointed out

by Sun et al. (1996andTristram-Nagle et al. (1998)
unless calculated at the same resolutidplimay, as in
Rawicz et al. (2000)Note that while theD-spacings
for DMPC and DPPC where four orders are available

>

Fig. 3. (A) Effect of Fourier sampling (4 orders) on the shape of
DMPC electron density profile. (BPyn vs. D from simulated
reconstruction ofp*(z) using 4 orders. Solid lines indicate the
range of experimentally availablB-spacings, dashed lines cover
a wider range available from the simulation. Vertical lines de-
limit the range ofD-spacings for which four orders are measured
experimentally. Solid symbols are experimental data points from
Petrache et al. (1998bJC) Data from part (B) recast aByy

vs. Dyp/D that shows the constant shiftDyy = 1.7 A between
DPPC and DMPC.
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do not overlap, in average we find\aDy /2 between
DMPC and DPPC of about.ZA compared to the
ADc value of 1.4 A Table 1. Proper comparison of
Fourier truncation effects for the two lipids is done as a
function of Dyy /D as suggested iyun et al. (1996a)
This is shown inFig. 3C. The two curves are practi-
cally the same, appart from a constant shift af27 A
over the entireD-spacing range. Applying the boot-
strap method witth Dc ~ ADpp/2 = 1.7 A between
DMPC and DPPC, it gives hydrocarbon thicknesses
within 0.2-0.3 A, an acceptable 1-2% deviation.

J.N. Sachs et al./Chemistry and Physics of Lipids 126 (2003) 211-223

3.2. Absolute scale determination

Noting the discrepancy between the simulated and
experimentalF(g) for DMPC in Fig. 2, we now test
the method for setting the scale usedPietrache et al.
(1998b) The experimental scale was determined from
a headgroup integral defined relative to the water level,

©)

D/2
/;) [p*(z) — piy]dz ~ nj; — piy Va.
C

In some cases, experimental techniques provide The analytical expression on the right hand side

F(q) over a continuous range gfvalues(Pabst et al.,
2000; Lyatskaya et al., 2001but are similarly trun-
cated due to limits of resolutionyfax). In order to
investigate this, we have truncatddg) at a range
of values,gmax, followed by a reverse Fourier trans-
formation. Fig. 4 plots Dyy as a function ofgmax.
The data show that the range Ofyy decreases as
gmax increases, with 32 A < DEMPC < 350A and
37.5A < DPFEPC < 38.4 A given gmax is taken in the
range of the fourth order peak Dy /2 is, in aver-
age 17 A, with values between 1.4 andi?A if taken
at equal values ofmax.
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Fig. 4. Variation of Dyy with the gmax cutoff from the inverse
Fourier transform of the simulatefi(g). The horizontal lines show
the range of experimentally measured form factors, and provide
a natural reference for themax values considered. Solid lines
highlight the Dy variation within thehmax = 4 range.

is obtained with the assumption that there is only
water, and no hydrocarbon mixed with the head-
groups. Withn}, = 164, Vi = 31943 andpy, =
0.333 electrongA3, the value of AH is then expected
to be 577¢ at 30°C. Thus, inPetrache et al. (1998b)
the reconstruction gb*(z) from the form factor ratios
usingEq. (1)was iterated until a choice fdr; yielded

AH = 57.7¢ for the integral irEq. (9) We are nowin a
position to verify this assumption using the simulated
profiles. Headgroup integrals from the water baseline,
as in the above equation, are giverirable 2together
with the evaluation of the analytical resulf, — o3, Vi.

The analytical form gives the expected values, but
the integral forms are lower by about 14%. This
suggests that using the above integral overestimates
the height of the headgroup peak and implicitly the
overall amplitude ofF(q). The scale used iRetrache

et al. (1998b)s possibly overestimate@Huber, 1999;
Huber and Beyer, 2000)The assumption that water
and hydrocarbon do not mix in the headgroup region,
required for application oEq. (9) was an oversim-
plification. The problem is solved by a better choice
for the baseline, as shown irig. 5 The left-hand
side ofFig. 5shows the contribution of watesy, (z),

and hydrocarbong{.(z), to the total electron density
profile. If these two distributions are subtracted from
the total p*(z), the remaining is just the headgroup
part which integrates ta}, = 164e. These compo-
nent profiles, however, are hard to determine from
experiments. It is more feasible to consider the asso-
ciated Gibbs dividing surfaces, located by definition
atz = Dc andz = Dg/2 (Section 3. The original

oy (2) and pE(z) are now replaced by step functions
with plateau valuegy, = 10e/ Wy and p5 = 8e/ V>.

By construction, if these step functions are subtracted
from p*(z) the remaining part (excluding the methyl
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p(2) [e/A7]

Fig. 5. DMPC electron density profilgg*(z), demonstrating the
new integral, AH, (Eq. (10) for setting p*(z) on an absolute
scale. On the left, the hashed area is approximately equaf, to
when multiplied byA. On the right, AH results from subtraction

of the trapezoidal area below the baseline, defined by the electron
densitiesp; and py, and the distancéy = Dg/2 — Dc.

region at the bilayer center) integrates¥a},, as we
have verified for both DMPC and DPPC simulations
(obtained 162¢ and 1617¢, respectively). The new
choice for the headgroup peak baseline is shown on
the right side ofrig. 5 The new headgroup integral is

P35 + Py
—ZTWVH,

where the negative term on the right-hand side rep-
resents the trapezoidal contribution under the tilted
baseline. While still a simplification, this integral

has the advantage of incorporating knowledge of

p5 in addition to py,. Results are given ifable 2

*

AH' = n}, (10)
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pE = A [ p&(z)dz/ADc = n§/ Ve, where ng rep-
resents the number of electrons in the hydrocarbon
chains (e.g. 210for DMPC). In this case, the lower
bounds of the hashed area on the right-hand side of
Fig. 5 are extended to the center of the bilayer. Re-
sults usingpg (not shown) are comparable to those
using p3.

4. Discussion

Guided by molecular dynamics simulations of
DMPC and DPPC, we have taken a critical look
at the Fourier reconstruction method used to obtain
structural parameters from X-ray. We have addressed
two main aspects. First, we have estimated the ef-
fect of Fourier truncation on the headgroup peak
location, and the uncertainty in measurindc us-
ing the headgroups peaks. We have used smoothed
(4-order) electron density profiles corresponding to
the typical resolution achievable by experiments.
Between DMPC at 30C and DPPC at 50C we
find ADHn/2 ~ 1.7 A compared to the hydrocarbon
thickness difference\Dc = 1.4 A. Given the many
possible sources for discrepancy (including choice of
bin size, volumetric decomposition, etc.) these values
are in close proximity. Applying the bootstrap method
to simulations, it predicts hydrocarbon thicknesses
within 1-2%, an acceptable uncertainty level for
structural parameters. Whileyy values are strongly
affected by Fourier truncation, these effects cancel
out in the calculation oA Dy between two lipids, if
comparison is done at the same valuelyfy/D, as
suggested byun et al. (1996a,band shown here in
Fig. 3. (We also noted that if comparison is made at

and show a much better agreement (1-4%) betweenthe same water spacing,Dyn/2 is brought closer to

the direct and analytical At compared to 14%
for AH. To include the methyl density as well, one
could work with the average hydrocarbon density

ADc, within 0.1 A, for small D. However, in a real
experimental situation this approach is circular, as the
area per lipid is needed for calculation Bfy.)

Table 2
Headgroup peak integrals (number of electrons per lipid)

AH AH’

Integral Analytical Dev (%) Integral Analytical Dev (%)
DMPC 495 57.8 14.4 64.4 65.2 1.2
DPPC 50.1 58.3 14.0 62.6 64.9 35
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Second, taking advantage of internal consistency of 05 : : : : :
all-atom simulations we have proposed an improved,
yet convenient method to set the experimentally recon- 0.45
structed profile on an absolute scale using the head-

group peak integral. The difference with the previous 04
method(Petrache et al., 1998l in the construction “E
of the baseline, as shown kig. 5. In addition topy,, 2,
the new construction also negg§ Dc andDg, which >
are calculated from volumetric data, before the scale *a
is determined. We note that the resulting jagged base-
line is a simplified version of the smooth (sinusoidal) 0.25 &
“bridging function” employed byWiener et al. (1989)
in their hybrid Gaussian model. In most practical sit-

uations, one could eventually use a straight, tilted line 0'2_30 20 -10 O 10 20 30
to replace the baseline Kig. 5, or consider variations 2[A]
as discussed in detail Byagle and Wiener (1989)
Given the form factor ratiog},/F1 for a particu- Fig. 6. Comparison of experimental and simulated 4-order DMPC

lar samp|e7 the Sca”ng procedure should now consist profiles for D = 515A. Form factors differ by the value of,
of finding the F1 value for whichEq. (10)is satis- (0.9 electrongA? vs. Q5 electrongA?2; compare diamond symbols

fied. Th . thod t | with F(g) in Fig. 2A). With increasingFy,, emergence of features
1ed. € previous method converges at large values, y,q methylene region accompany overall changeDijp as

of F1 to make up for contributions missed by the el as in the magnitude of the headgroup and methyl regions.
flat baseline; this gives a 14% deviation as shown

in Table 2 The new method can bringy within
1-4% of the true value. In principle, given many or- F4 (the scale was chosen from the simulatég) for
ders of diffraction one can find the absolute scale by both). As expected, the effect is propagated through-
normalizing the scattering intensity using Parceval’'s out the entire profile, with significant changes in the
theorem(Worthington, 1969; Blaurock et al., 1971) shape of the methylene region as well asbigy. A
For fluid bilayers, however, the uncertainty could be change ofv1 A in Dyy is seen, larger than the effect
large because higher order peaks are undetectable duef Fourier truncation in the 4-order range.
to bilayer fluctuations (discussed belo{®agle and From this perspective, itis also interesting to look at
Tristram-Nagle, 2000)Another way to fix the scale the differenceD;1 = (Dyn/2) — Dc, which has been
is by using halogenated molecular labels as proposedexperimentally estimated in the range of 4.1-4.9A
by Franks et al. (1978)f feasable. (Petrache et al., 1998b; Nagle and Tristram-Nagle,
Since the experimental electron density profiles 2000) and 4.1-5.5 ABalgavy et al., 2001)From our
are derived quantities, we have compared simulated simulations we findD;,; = 4.0-5.0 A for DMPC and
continuous transform#(g) with the experimentally ~ Dj; = 4.2-5.3 A for DPPC, depending on the chosen
measured form factors), (Fig. 2). For the two lipids D-spacing. The larger values are given by the small
considered, we have found an overall agreement be- D-spacings. If we focus on thB-spacings for which
tween the simulated and the experimental data, espe-there are four orders availabl&),; range shrinks
cially in the first and second lobes @fg). A slight considerably, to 4.8-4.9 A for DMPC and 5.0-5.3A
shift in the position of the first lobe is seen due to for DPPC. A value of 4.9 A was used byagle and
small differences in bilayer thicknesség between Tristram-Nagle (2000)One difference between our
simulation and experimenTéble 1. Significant devi- simulation analysis and experiment is that that for the
ations are seen for the 4th orders. In order to examine real systemPc increases by 0.5-0.8 A with reduction
the effect of F4 uncertainty,Fig. 6 compares simu-  of D (due to osmotic stress), while in our analysis
lated and experimental DMPC profiles using 4 orders it is fixed. This correlates with thépyy difference
for D = 51.5A (diamond symbols irFig. 2A). The seen inFig. 6, where simulation is compared to a
two sets of form factors differ only by the value of reconstructed density profile obtained from a DMPC
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sample under 27 atm of osmotic pressure. BecauseWebb, 1989; Sun et al., 1996a)his sets an upper
the bilayer is laterally compressible, osmotic stress limit for the fluid phase in-plane correlations.
reduces cross-sectional area and increases the hydro- With a reduced number of diffraction peaks, the
carbon thickness. At 27 atm, DMPC cross-sectional local versus global distinction becomes difficult to
area decreases by about 2.8%. define. As expected and shown in this work, Fourier

Despite inherent limitations, the simulations have truncation always leads to smoother profiles, and
provided an internally consistent evaluation of Fourier this limits our ability to determine whether electron
truncation errors. As shown ifig. 3, one sees an  density profiles for the fluid state are detail-rich or
artifactual change obyy with D even though the  not. Note, for example, that the reconstructed head-
membrane thickness is fixed. The magnitude of these group peaks irFigs. 3 and Glo not contain the small
artifacts is significant, on the order of 1-2 A for the full headgroup shoulder approximately 15-17 A from the
D-spacing range. This apparent thickness variation is bilayer center seen irig. 1 This feature, due to
larger than what is allowed by bilayer compressibility. the electron rich carbonyl and glycerol groups, is
As shown by the corrected experimental data points seen experimentally in the gel-phaJeistram-Nagle
in Fig. 3B, for DMPC Dyy is estimated to decrease et al., 2002) where 10 orders of diffraction can be
by only 08 A from D = 51.5to 62.7 A, less than the  measured. Are such features in fact smoothed out by
Fourier variation. Furthermore, for smdll-spacings the larger degree of fluctuation in the fluid phase, or
corresponding to the 4-order regime, Fourier trunca- do the reconstructed profiles simply miss these details
tion makesDyy increase withD, clearly an artifactas ~ from lack of higher order information? Combining in-
previously discussed byristram-Nagle et al. (1998) sight from both all-atom simulations and experiment
These observations highlight the fact that accurate is a fruitful approach to answering such questions.
determination of structural parameters from experi-
ment needs consistent treatment of density profiles
by either comparing profiles at the same resolution
(McIntosh and Simon, 1986a; Rawicz et al., 2000)
and/or by considering corrections to the measured
Dy values(Nagle and Tristram-Nagle, 2000)

There is an additional complication when com-
paring simulated and experimental profiles, namely
fluctuations. A critical aspect in determining the true
shape of the electron density distribution is that the
broad spectrum of molecular fluctuations alters the
appearance op*(z). While main features such as Appendix A
the electron rich headgroup peaks and the electron
depleted bilayer center are less dependent on fluctu- The four component volume¥3, V>, Vi, and Wy
ations, more detailed features such as peak asymme-are chosen as the values that make the total probabil-
tries and methylene shoulders can exist depending onity pt(z) equal to 1 for allz values, i.e. the volume
the extent of in-plane positional correlations. What is parameters minimize the following function:
measured by X-ray: a local profile (of 100A or less), 2 _ 2
or a global )r:rofiley(lOOOA gr moré)? From simula)- Ko (V3 Va, Ve, V) = ) [pr(2) — 112 (A1)
tions, size-dependent profiles are obtair(gtbfsar
et al., 2003) unless one deconvolves global shape Minimization proceeds by setting the derivative,of
fluctuations. Based on the wide-angle scattering, it is With respectto each volumetic parameter equal to zero.
reasonable to assume that in-plane correlations are onFor example, with respect tg;, we have
the order of 100 A or less in the fluid phase. For the gel 2
phase, interchain correlations as high as 2900 A have = 22 [Vana(z) + Vona(z) + Vunu(z)
been measure(sun et al., 1994)while in the ripple dvs z
phase, a repeat distance of 120 A is foéhck and + Vwnw(z) — 1] n3(z) =0 (A.2)
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The four minimizing conditions then give the follow-
ing 4 x 4 system of linear equations:

V3 Zz n% + Vo Zz nany + Vy Zz n3ny
+Vw ) nanw =) _n3

V3. nang+ V2 Yo n5+ Vi 3, nony
+Vw ) nonw =) _n2

V3 Zz nynz + Vo Zz nHn2 + Vy Zz na
+ Wy Zz nHnw = Zz nH

V3 .nwnz+ V2 ) nwnz + Vi) nwny
+Vw ), n\ZN =) . nw

where the summation argumerg) has been sup-

pressed for simplicity. This system can be set in a

matrix form and solved fovs, Vo, Vi, andWy by con-

ventional numerical recipies (e.g. GAUSSJ subroutine
from Press et al., 19§8Analysis scripts (CHARMM

(A.3)

and Fortran) can be obtained by request or found at

http://lpsb.nichd.nih.gov/
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